The impact fracture behavior of a vapor grown carbon nanofiber (VGCNF) reinforced high-density polyethylene (PE) composite was evaluated. The samples consisting of pure PE and composites with 10 wt% and 20 wt% of VGCNFs were prepared by a combination of hot-pressing and extrusion methods. Extrusion was used to produce samples with substantially different shear histories. The fracture behavior of these samples was analyzed using the essential work of fracture (EWF) approach. The results showed an increase of 292% in the essential work of fracture for the loading of 10 wt%. Further increasing fiber loading to 20 wt% caused the essential work of fracture to increase only 193% with respect to the unmodified material. Evaluation of the fracture surface morphology indicated that the fibril frequency and microvoid size within the various fiber loadings depended strongly on processing conditions.
Introduction
Polyethylene is characterized by a great capacity to absorb energy despite its low modulus of elasticity [1] . Because of its high toughness it offers promise as a matrix for highly damage tolerant composites. However development of adequate adhesion between PE and high performance reinforcements has been a challenge. Nanofibers show great promise for modification of existing materials due to the combination of their small size and surface compatibility. Their high thermal, electrical, and mechanical properties offer the prospect of substantial improvements in polymeric systems. This prospect is further enhanced by the strong natural adhesion nanofibers with many thermoplastic matrices [2] [3] [4] [5] [6] .
Prior studies have shown that VGCNFs interact strongly with polymeric matrices and enhance several properties. PE/VGCNF composites have been found to produce a simultaneous increase in both storage (elastic) and loss (viscous dissipation) modulus as measured by dynamic mechanical analysis [7] . Tensile tests of these composites show a remarkable increase in elongation to failure with increased shear history and an apparently new mechanism of void stabilization permitting the formation of widespread stable subcritical voids in the deformed polymer [8] . The current work extends the study of these materials to the regime of dynamic impact behavior.
The highly nonlinear nature of the fracture process in PE requires the use of nonlinear fracture analysis. The most widely used methods are the J-integral [9] and the essential work of fracture (EMF) [10, 11] . In the recent years, the concept of EWF has been broadly applied to the evaluation of fracture toughness in ductile polymers and their composites due to its greater simplicity when compared to J-integral measurement [12] [13] [14] [15] . This theory was initially proposed by Broberg [16] in 1968 and further developed by Mai and others [11, 17] . The theory poses that the total energy necessary to fracture a cracked material (W f ) contains two components the essential work of fracture (W e ) and nonessential work or plastic work (W p ) (see Figure 1 )
W e is the essential work required to rupture in its inner fracture process zone. For a given material thickness (t), W e is proportional to the ligament length ( ). W p is the energy consumed by mechanisms of deformation in the outer plastic zone and is a volume energy proportional to 2 . The expression in (1) can be expanded to
In terms of specific values, total specific work of fracture, w f is given by
where w e and w p are the essential specific work of fracture and the specific nonessential work (or specific plastic work), respectively. The term β is a form factor for the plastic zone. Equation (3) provides the w e and w p from the intercept and the slope of corresponding linear regression curve of the plot of w f as a function of . A representative plot of w f as a function of is shown in Figure 2 .
In this study, measurements of energy to fracture under impact using the method of essential work of fracture were made. Fracture surface morphology was also evaluated to determine changes in the fracture mechanism caused by nanofibers reinforcement.
Experimental
2.1. Materials. The systems evaluated were based on highdensity polyethylene (Marflex PE CL-L-R-240370) provided by Chevron-Philips Chemical Co. and vapor grown carbon nanofibers (Pyrograf III) (VGCNFs) provided by Applied Sciences. The fibers were purified before use according to procedures developed and described elsewhere [18] . Purification of the fibers was done with a process of refluxing nanofibers in dichloromethane followed by rinsing with deionized water. The purpose of purification is to remove amorphous carbon and untangle nested fiber bundles. It also serves to lightly functionalize the surface of the fibers, making them more compatible with some polymer matrices though this may not be critical to performance in PE.
Processing.
After purification, the fibers were introduced into the PE matrix using a Haake Polylab 600 mixer which subjects the composite to high shear stresses. Mixing was done at a nominal temperature of 190
• C for a total of 16 minutes at varied mixing speeds. A 2-minute mix of pure PE at 90 rpm was followed by fiber addition, 11 minutes at 30 rpm, and 3 minutes at 60 rpm. The length of each processing step was determined by the time necessary to produce a constant shearing torque measured at the mix head. The resulting material was hot pressed (Carver Hot-Press model 3912) and again extruded using a Haake Rheomixer 600 with an extrusion screw speed of 40 rpm and a die temperature of 190
• C . After extrusion, the film was stretched by a Haake Tape Postex 600 to create a tape. To introduce varying shear stress histories generated by the extensional flow, drawing was done at 10 and 20 rpm. The resulting tape was pelletized once more and then molded to the final specimen size and thickness in a hydraulic heated press (PHI model 100-1a). The preparation combinations are summarized in Table 1 . Rectangular 63.5 mm×12.7 mm×3.2 mm bars, with a singleedge-notched 3-point bending configuration, were used for impact testing.
Characterizations.
Tests were done at a temperature of 22
• C in the Dynatup 830I drop weight system with a span length of 50 mm and an impact velocity of 2.5 m/s. Eight specimens were prepared and tested for each treatment combination. The exact length of the ligament was measured by optical microscopy on an Olympus T4560 imaging analyzer. The specimen was made with a saw 1mm gap and the tip of crack with a fresh razor blade. It was not necessary to immerse in liquid nitrogen because this sample presented a brittle fracture. The fracture morphology was studied using Scanning electron microscopy (SEM). 
Results and Discussion

Fracture Analysis.
Impact results of PE and its composites were compared using single-edge notched tension specimen. A representative plot of total energy of fracture versus ligament length is shown in Figure 2 . It clearly shows the effect of increased flow stress with nanofiber addition. The higher flow stress results in increased constraint in the ligament and a reduction in gross viscoplastic flow in the ligament. The reduced gross plasticity reduces the total energy of fracture relative to the unreinforced material. Table 2 summarizes the values of w e , w p and total energy. w e values for all samples are plotted in Figure 3 . The unmodified PE shows an increase in w e (local fracture energy) but an overall reduction in fracture energy. The fiber modified systems show a clear increase in w e with increasing shear history while total fracture energy falls relative to the unmodified system. In other words, increased processing improves the local material toughness in the process zone while fiber addition reduces the overall toughness by constraining gross plasticity in the specimen. The increase in toughness is higher for the 10 wt% PE/VGCNF composite than for the 20 wt% fiber system which could indicate a countervailing effect of fiber loading. Essential work of fracture in the fracture zone corresponds to the energy required to debond PE and VGCNF, and to deform the polymer matrix [19] . Therefore, the likely mechanism for the improvement in toughness is improvement in fiber/polymer adhesion and better dispersion of the fibers. These improvements result in greater void growth through stable fibril formation (see morphology section). At the same time, the plastic work, w p , generally falls, suggesting greater localization of the fracture process and reduction of gross plasticity. The smaller increasein toughness observed in the higher fiber loaded system indicates that the toughening phenomenon is primarily matrix driven and is not due directly to fiber breakage or other fiber driven energy consuming process. Eventually the higher loading of fibers (20 wt%) results in a reduction in the work of fracture through restriction of ductile matrix deformation (caused by constraint as well as a reduction in the volume of polymer available). This leads to a diminution in the specific plastic work of the material. This is similar to the behavior seen in traditional short-glass fiber reinforced polymers [20, 21] . The substantial improvement seen in process zone energy dissipation with the addition of nanofibers in an impact environment suggests that these materials should show substantial improvement in resistance to slow stable crack growth or stress corrosion cracking which are quasistatic fracture processes which do not involve significant gross plasticity. That will be the subject of future research.
Morphology.
Changes in the fracture process are usually reflected in the morphology of the fracture surface; therefore, specimens were evaluated using the scanning electron microscope. It should be noted that the high level of fibrillation seen in these impact test specimens, especially the levels seen in the drawn materials, are more consistent with quasistatic fracture in neat polyethylene systems than with impact. Nanofiber loading makes possible energy dissipating fracture processes normally prevented by high crack velocities.
Representative micrographs are shown in Figure 4 for PE/VGCNF composites with fiber contents of 10 and 20 wt% and three processing levels. The fibers were clearly well dispersed in both systems. The number and length of fibrils, along with voids developed within the fracture process zone, increase dramatically after the shearing process (10 rpm and 
Conclusion
The addition of carbon nanofibers to polyethylene improves the ability of the polymer to form large fibril/void structures even under conditions of process zone constraint due to impact loading. This is reflected in an increase in local fracture toughness measured by the essential work of fracture. Further, this local toughness increases with increasing shear history during processing. The strength of this interaction may arise from one or both of two sources. The extended shear and thermal history may cause molecular scission as evidenced by the reduced total toughness of the unmodified system. The resulting free radicals then may bond to the nanofibers, resulting in an extremely strong matrix/fiber interaction. It is also likely that because of their similar structures, polyethylene and VGCNFs will form strong bonds when polymer chains are stretched out along the fiber surfaces. Either mechanism results in a level of interaction which produces properties and fracture processes not heretofore observed in polymer composites.
